Heterotopically (infrarenal) transplanted cardiac isografts are histologically normal, spontaneously beating, hemodynamically unloaded hearts that undergo rapid and predictable atrophy. To study the factors that regulate cardiac growth we examined the effect of left ventricular (LV) isovolumic balloon placement on the weight, in vitro protein synthesis rate, and LV RNA content of the transplanted heart. At day 0 the donor LV weight was 367±t8 mg, which decreased to 226±+14 mg (p<O.OOl) after transplantation. Isovolumic loading with a latex balloon (volume, 111±+10 pl) significantly increased the LV weight of the transplanted heart to 397±13 mg when compared with that of the unloaded heart 14 days after surgery and prevented the atrophy when compared with the LV weight at day 0. Sham-loaded transplants had LV weights of 256±+17 mg, which did not differ from the LV weight of unloaded transplanted hearts. Protein synthesis rates (nmol lysine/LV/hr) and total LV RNA and LV 18S RNA content were significantly greater in the balloon-loaded hearts when compared with the unloaded isografts and returned to levels similar to those measured in the in situ hearts. The ability of isovolumic loading of the LV to prevent atrophy via increased protein synthesis and the maintenance of LV RNA in the heterotopically transplanted heart further supports the important role of cardiac work in the regulation of cardiac growth. (Circulation Research 1991;69:1421-1425 C ardiac work is a major determinant of myocyte growth and development.'-4 Hemodynamic changes that increase the work of the myocardium lead to the development of cardiac hypertrophy, whereas mechanical unloading of the heart leads to a rapid and predictable degree of atrophy (negative growth).3'5-7 Heterotopic (infrarenal) isografts are vascularly perfused organs6-8 that beat spontaneously but are hemodynamically unloaded. We have previously characterized the changes in muscle mass and protein synthesis that accompany the atrophy of the transplanted rat heart.7,8
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Heterotopically (infrarenal) transplanted cardiac isografts are histologically normal, spontaneously beating, hemodynamically unloaded hearts that undergo rapid and predictable atrophy. To study the factors that regulate cardiac growth we examined the effect of left ventricular (LV) isovolumic balloon placement on the weight, in vitro protein synthesis rate, and LV RNA content of the transplanted heart. At day 0 the donor LV weight was 367±t8 mg, which decreased to 226±+14 mg (p<O.OOl) after transplantation. Isovolumic loading with a latex balloon (volume, 111±+10 pl) significantly increased the LV weight of the transplanted heart to 397±13 mg when compared with that of the unloaded heart 14 days after surgery and prevented the atrophy when compared with the LV weight at day 0. Sham-loaded transplants had LV weights of 256±+17 mg, which did not differ from the LV weight of unloaded transplanted hearts. Protein synthesis rates (nmol lysine/LV/hr) and total LV RNA and LV 18S
RNA content were significantly greater in the balloon-loaded hearts when compared with the unloaded isografts and returned to levels similar to those measured in the in situ hearts. The ability of isovolumic loading of the LV to prevent atrophy via increased protein synthesis and the maintenance of LV RNA in the heterotopically transplanted heart further supports the important role of cardiac work in the regulation of cardiac growth. (Circulation Research 1991; 69:1421 -1425 C ardiac work is a major determinant of myocyte growth and development.'-4 Hemodynamic changes that increase the work of the myocardium lead to the development of cardiac hypertrophy, whereas mechanical unloading of the heart leads to a rapid and predictable degree of atrophy (negative growth).3'5-7 Heterotopic (infrarenal) isografts are vascularly perfused organs6-8 that beat spontaneously but are hemodynamically unloaded. We have previously characterized the changes in muscle mass and protein synthesis that accompany the atrophy of the transplanted rat heart. 7, 8 To further identify the mechanism(s) regulating cardiac growth, we have placed latex balloons in the left ventricle (LV) of the isograft at the time of transplantation to provide an isovolumic load. The LV weight, rate of protein synthesis, and RNA and DNA content of the isovolumically loaded hearts were then compared with the unloaded isografts, the in situ heart, and the donor heart. These studies provide additional evidence for the importance of work load as a determinant of cardiac size and myocardial protein synthesis.3-5
Materials and Methods

Materials
Inbred male Lewis rats weighing between 145 and 160 g were obtained from Charles River Breeding Laboratories, Inc., Wilmington, Mass. ['4C]Lysine was obtained from New England Nuclear, Boston, and Hoechst dye 33258 was obtained from Polysciences Inc., Warrington, Pa. LV latex balloons were manufactured by Biomedics, London.
Cardiac Transplantation
Infrarenal heterotopic cardiac isografting was performed as previously described.5 Under these conditions the transplanted heart receives retrograde perfusion of the coronary arteries, since the aortic valve is maintained competent and is hemodynamically unloaded. To contrast with the unloaded isografts, a separate group of donor hearts had latex balloons inserted through the mitral valve into the LV; the balloons were inflated to -120 gl. This volume was chosen to approximate the LV end-diastolic volume for a 150-g rat. The balloons were then sutured in place; care was taken to prevent occlusion of the coronary arteries. In three hearts the balloon was sutured in place in the LV but not inflated (shamloaded hearts). The rats were weighed daily. Fourteen days after transplantation, the rats were used for measurement of rate of protein synthesis as previously described,7 or they were killed, their hearts were removed and weighed, and RNA and DNA content was measured. 8 The surgical procedure and balloon placement was successfully accomplished in >90% of all experiments. Unoperated rats at day 0 were similarly studied to determine ventricular size (combined right ventricle [RV] and LV), synthesis rate, and RNA and DNA content for the donor hearts. After the hearts were removed, they were rinsed in cold phosphate-buffered saline (50 mM Na2HPO4, pH 7.4), blotted dry, and weighed after removal of the atria and remaining great vessels and connective tissue. LVs, including the intraventricular septum, were isolated and weighed.
Protein Synthesis
The in vitro rates of protein synthesis for both the in situ and the isovolumic and sham-loaded heterotopic transplanted hearts were measured 14 days after transplantation by in situ perfusion. The protein synthesis rates for the unloaded isografts have been previously reported.7 To accomplish this, the rats were anesthetized with pentobarbital sodium (50 mg/kg body weight), the abdominal and thoracic cavities were opened, a cannula was placed in the left atrium, and perfusion was immediately initiated. Two polyethylene cannulas were then placed, one in the abdominal aorta facing distally toward the transplant and the second in the proximal thoracic aorta directed toward the host heart. To control perfusion of the transplanted heart, the host iliac and renal arteries were ligated. Similarly, to permit controlled perfusion of the host heart, the aortic branches between the cannula entrance and the heart itself (carotid and innominate arteries) were ligated. As a result, essentially all the flow going to the distal aorta enters the transplanted heart coronary circulation, and all the flow to the proximal aortic cannula enters the host coronary circulation.
Perfusion was accomplished with a modified Krebs-Henseleit solution, and adequacy of perfusion was confirmed by rhythmic, spontaneous contractile activity of both hearts. The pressure to both host and transplanted hearts was established at 100 mm Hg by the use of a Y tube from a common pressurized reservoir; after stabilization, [14Cllysine (10 PCi) was added to the reservoir, and perfusion of both hearts was maintained with constant flow (10 ml/min) for 1 hour.
At termination of perfusion the hearts were removed, the atria were resected, and the LV was weighed and analyzed for radioactivity rates of synthesis for total LV protein, calculated as previously reported. 17 The specific activity of the precursor pool for protein synthesis was taken to be that of the ['4C]lysine of the perfusate; since it is similar to phenylalanine, the lysine-tRNA pool equilibrates with the perfusate lysine with reproducible kinetics.7,9
Nucleic Acid Content A separate group of rats, including rats with isovolumically loaded as well as unloaded isografts, were killed 14 days after transplantation. The RNA and DNA contents for both the in situ and transplanted hearts were assayed. [vol/vol] ). The final aqueous solution containing both RNA and DNA was precipitated by the addition of 2.5 vol cold ethanol overnight at -20°C. The precipitate was collected by centrifugation, and the pellet was taken to dryness and then resuspended in 1 mM EDTA, pH 7.6.
Total nucleic acid content was assayed by spectrophotometric absorbance at 260 and 280 nm, and only samples giving a 260/280 absorbance ratio of 1.8-2.0 were considered sufficiently pure for analysis. DNA content of the purified aliquots was assayed by fluorescent analysis using Hoechst dye 33258. Samples of LV nucleic acid extract were added to a solution containing a final concentration of fluorescent dye of 0.1 ,g/ml. Relative fluorescence was determined using a Gilford fluorometer at an excitation wavelength of 354 nm and an emission wavelength of 458 nm. Calf thymus DNA was used as a standard. The assay was linear over the range of 0.05-1.0 ,g DNAIml.
Total RNA concentration of the nucleic acid extract was calculated from the measured total nucleic acid absorbance and measured DNA concentration. The extinction coefficients for RNA and DNA at 260 nm were taken to be 40 and 50 ,ug/ml, respectively.
Additional 18S RNA quantitation was performed by dot blot hybridization using serial dilutions of total LV RNA containing from 0.1 to 
Cardiac Transplantation
Structural and functional integrity of the heterotopically transplanted heart has been previously documented.5-7 As assessed by histology at the light microscopic level, hearts containing LV balloons (both inflated and noninflated) showed discrete areas of fibrosis along the endocardium and minimal cellular damage as assessed by polymorphonuclear leukocyte infiltration or cellular necrosis. This stands in contrast to the lack of cell damage or necrosis previously reported for the unloaded heart.5,7 Before removal, all transplanted hearts were spontaneously beating and appeared grossly normal; there was no evidence of intracavitary thrombosis. After removal and assay by weight, the average balloon had a volume of 111±+10 ,ul (range, 90-140 ,ul).
Between the day of transplantation and 2 weeks later at the time of death, the body weights increased from a mean of 147+3 to 212+6 g. The total heart weight (RV and LV) to body weight ratio for the in situ heart was 2.90 x 10-3 at day 0 and did not change throughout the study. The LV/body weight ratio was also constant at 2.50x 10-3.
Effect of Isovolumic Loading on LV Size
Total heart weight and LV weight (including the interventricular septum) increased for the in situ hearts between the time of transplant and after 14 days. Unloaded heterotopic hearts demonstrate a highly reproducible decline in total heart and LV Loaded FIGURE 1. Bar graph showing total heart weight for the donor and heterotopic transplants under various hemodynamic conditions. Isovolumic loading of the left ventricle for 14 days maintains the heart weight the same as the donor heart (in situ day 0) and at a size that is significantly greater (p<0.001) than for both the unloaded and sham-loaded hearts. Data are mean+-4-SEM; sample sizes correspond to those reported in Table 1. weight over the same period of time (Table 1 and Figure 1 ). When compared with the day 0 weight, the transplant LV had decreased in size by 39%; it had decreased by 58% compared with the matched in situ heart.
Placement of an isovolumic load on the LV prevented the atrophy of the transplanted heart. When compared with the LV weight at the time of transplantation (day 0), the balloon-loaded LV was no different in size (367±8 versus 397+13 mg). This value for the transplant was significantly larger than for the unloaded transplant (226±14 mg) and the sham-loaded transplant (256±17 mg), but it was smaller than that simultaneously measured in the in situ heart ( Table  1 ). The total heart (RV and LV) weight of the isovolumic-loaded heart was the same as that of the donor heart (Figure 1) . This was the result of a selective increase in LV weight, which was 88+±0.8% of total heart weight in the loaded isograft versus 79+0.4% and 80+1% for the donor and unloaded hearts, respectively (p<0.01). The RV weights were 97.6, 54+5, and 56+5 mg for the donor, isovolumically loaded, and unloaded hearts, respectively (p<0.01 for donor versus both transplants).
Measurement of Protein Synthesis
Protein synthesis rates were measured during simultaneous in vitro perfusion of both the host and transplanted hearts. The perfusion pressure and flow were identical for both hearts. The rates of protein synthesis (nmol lysine/LV/hr) for the individual hearts were calculated as a function of the known
[14C]lysine specific activity of the perfusate and the measured [14C]lysine incorporation into the LV. As 14. a significantly slower rate (Table 1) .7 In contrast, the transplanted heart with an imposed isovolumic load had a significantly greater rate of protein synthesis than the unloaded heart. Sham-loaded transplants demonstrated a synthetic rate of 21+3 nmol lysine/ LV/hr, essentially identical to that of the unloaded transplant and significantly less than the balloonloaded isografts (Table 1) .
RNA and DNA Content LV RNA and DNA content was assayed in donor hearts at day 0 and again 14 days after transplantation. When compared with the in situ hearts, the unloaded transplants had significantly lower LV RNA and DNA contents, as previously observed.8 In contrast, the LV RNA content of the isovolumically loaded transplanted heart was significantly greater than that measured in unloaded ventricles (Table 2) . When compared with the 14-day in situ hearts, balloon-loaded LVs had less RNA, but the value of 513±49 jig was no different than 525±+14 ,ug, the content of the donor heart at day 0. Measurement of 18S RNA expressed as molecules/LV was significantly greater in the isovolumically loaded versus unloaded isograft (5.48x 1010 and 3.62x 1010, respectively, p<O.OO1).
The LV DNA content was significantly lower in the unloaded isograft compared with both day 0 and day 14 (Table 2) . Isovolumic balloon-loaded LVs had DNA contents that were no different than those measured at day 0.
Discussion
Cardiac work is one of the major determinants of the size and growth of the heart.1-5'13 Various factors such as increases in afterload, volume, and contractility have been shown to regulate the rate of cardiac protein synthesis leading to cardiac hypertrophy. [1] [2] [3] 9 In contrast, the heterotopically transplanted cardiac isograft is hemodynamically unloaded and is characterized by a prompt and reproducible degree of atrophy.5 '7,10 We have previously demonstrated a reduction in the rate of total protein synthesis in the transplanted heart.7,8 Similar changes have been observed in hearts from calorically deprived animals and in mechanically unloaded skeletal muscle.15 '16 In the present studies we have observed that, with an isovolumic load imposed on the LV, it is possible to maintain protein synthesis and prevent the atrophy associated with heterotopic transplantation.
The balloon volume chosen was based on direct measurements of the LV diastolic (noncontracting) volume in control hearts removed from Lewis rats whose body weights were 150 g. The experimental technique for loading the transplanted LV was associated with some degree of variability, such that at the time of death the measured balloon volume was found to be in the range of 90-140 ,ul. Hearts with LV balloons maintained spontaneous contractile activity and normal gross anatomic appearance. Although histologically there was evidence of endocardial fibrosis in the area of contact between the balloon and LV wall, the ability of the transplanted heart to maintain its size and rate of protein synthesis gives further support for the integrity of this preparation.5-8 When the period of warm ischemia is limited during transplantation, the cellular damage to the myocardium is minimized.8 '7 This contrasts with the histological and functional changes reported for transplanted hearts subject to prolonged global ischemia. 18 In the current studies, the isovolumically loaded heart maintained a weight and protein synthesis rate that were no different from those parameters measured for the in situ heart at day 0. The in situ heart at day 14 was larger, as would be expected for a growing animal. Sham-loaded hearts underwent a decline in protein synthesis and a degree of atrophy similar to those observed for the unloaded heart. LV RNA content was maintained by isovolumic loading of the LV. As we have previously observed, LV RNA declines in the transplanted heart, and by 14 days, the decrease in protein synthesis is proportional to the decrease in LV RNA.8 This finding is consistent with a decrease in LV total protein synthetic capacity. Similar to other highly differentiated tissues, adult myocytes are unable to undergo cellular division; therefore, changes in organ size are accomplished primarily by changes in the size of individual cells. In the present study, we observed an increase in the DNA content of the in situ heart, presumably as a result of an increase in the number of interstitial cells.'9 Since the DNA content of the isovolumically loaded heart was no different than that of the in situ heart of the same size at the time of transplantation, we can speculate that the total number of myocytes and nonmuscle myocytes is essentially unaltered; however, amitotic division of binucleated cells cannot be excluded.
In the present report we have used an in situ perfusion technique for measuring in vitro rates of total cardiac protein synthesis.1"7 Since both hearts are perfused under identical conditions of perfusion pressure, flow, and constant lysine-specific radioactivity, it is possible to compare synthesis rates in hearts of different sizes.
The present studies indicate that in the transplanted heart, which is devoid of the normal neurohumoral stimulation and innervation, the imposition of an increased work load to the LV can prevent cardiac atrophy.3 The response to the imposed work load was the result of a selective increase in LV weight, whereas the corresponding RV weight was unchanged when compared with that of the unloaded hearts. This finding suggests a direct mechanical effect on cardiac size rather than a humo-mediated mechanism. 20 The ability of the isograft to respond to an increased work load with an increase in size was recently observed after the creation of aortic insufficiency in the heterotopic heart.21 Similarly, in situ evidence supports the notion that hemodynamic loading per se can prevent cardiac atrophy.22 These current findings further clarify the importance of cardiac work in regulating cardiac protein synthesis2-4 and cardiac growth.5,7'19 This model will enable us to study which cellular changes accompany altered hemodynamics and to further understand the mechanisms by which cardiac protein synthesis is regulated.
